H DL cholesterol (HDL-C) was first suggested to protect against the development of coronary artery disease (CAD) 25 years ago. 1 Since then, a strong inverse relationship between plasma HDL-C levels and CAD has been confirmed in a large number of epidemiological studies. 2, 3 Low plasma HDL-C is now generally accepted as a strong and independent risk factor for the development of premature atherosclerosis.
A rare form of genetic HDL deficiency is Tangier disease, 4 which has been diagnosed in Ϸ60 patients worldwide and is associated with an almost complete absence of HDL-C. We and others have recently identified mutations in the ATPbinding cassette transporter 1 gene (ABC1, ABCA1) as the molecular defect in Tangier disease [5] [6] [7] and familial HDL deficiency associated with reduced cholesterol efflux (FHA). 5, 8 Individuals heterozygous for mutations in the ABCA1 gene have decreased HDL-C, increased triglycerides (TG), and an increased risk of CAD. 9 Specific variants associated with complete or near-complete loss of ABCA1 function are not found at a high frequency in patients presenting with low HDL-C. 9 However, the extent to which common variation in the ABCA1 gene influences these phenotypes in the general population is uncertain. Thus, we sought to address whether variants having milder effects on ABCA1 function influence plasma lipid levels and risk of CAD.
We identified numerous single-nucleotide polymorphisms throughout the coding region (cSNPs) of the ABCA1 gene and examined the phenotypic effects of 9 nonsynonymous (ie, those that change an amino acid) cSNPs in a large, ethnically uniform cohort. We report here that a common ABCA1 cSNP, R219K, is associated with decreased TG, increased HDL-C and, importantly, a decreased progression of atherosclerosis and a reduced risk of coronary events, suggesting that common genetic variants in ABCA1 may influence these clinical outcomes in the general population.
Methods

Subjects
During the course of sequencing 16 Tangier disease and FHA probands, we identified 16 cSNPs. Sequencing 16 individuals yields a 97% chance of identifying a variant present at a frequency Ն10%. 10 Thus, it is likely that all the common ABCA1 cSNPs have been identified. We studied the effects of these cSNPs on the baseline lipid parameters of the cohort of 804 Dutch men with proven CAD who participated in the Regression Growth Evaluation Statin Study (REGRESS); these subjects were described previously. 11 For replication studies with the R219K variant, we genotyped 3 smaller cohorts. Because reliable, standardized information on CAD was not available on all cohorts, we did not include CAD in the replication analysis. The cohorts comprised individuals of European descent with familial hypercholesterolemia seen at the lipid clinic in Vancouver, a group of French Canadians with CAD and low HDL-C (Ͻ0.86 mmol/L), and a random sample of French Canadians without clinical manifestations of CAD who were unselected for plasma lipid levels. All individuals known to be diabetic or have the apoE2 allele, a body mass index (BMI) Ͼ30 kg/m 2 , or TGϾ5 mmol/L were excluded. Comparisons were performed on a case-control basis to avoid stratification by ethnicity or other demographic factors. All individuals gave informed consent.
CAD Measurements
Computer-assisted quantitative coronary angiography was performed as previously described. 11 The mean segment diameter (MSD) measures the average luminal diameter along the vessel and reflects diffuse atherosclerotic differences. The minimum obstruction diameter (MOD) represents the smallest vessel diameter at an obstructed site and assesses focal atherosclerotic changes. Larger MSD and MOD measurements reflect less vessel occlusion. Events during the study (death, myocardial infarction, unscheduled coronary angioplasty or bypass surgery [PTCA, CABG] , and stroke/transient ischemic attack) were also examined.
cSNP Screening
We identified a restriction enzyme whose cleavage pattern was altered by each variant or employed a mismatch technique allowing restriction fragment length polymorphism analysis. The conditions of all assays are described in Table 1 .
To screen the V399A, V771M, T774P, I883M, and E1172D cSNPs, TaqMan-based assays 12 were developed. Fluorogenic hybridization probes for each allele were labeled with different fluorescent reporter dyes (6-carboxy-fluorescein or 6-carboxy-4,7,2Ј,7Ј-tetrochloro-fluorescein) at the 5Ј terminus and with a common quencher dye (6-carboxy-N,N,NЈ,NЈ,tetramethyl rhodamine) at the 3Ј terminus. The fluorescence from each reaction was normalized to the signal from the no-template controls. 13 The difference in the measured fluorescence intensity between the 2 probes allows for accurate allele calling compared with genotype standards included on each plate.
Cellular Cholesterol Efflux
Cholesterol efflux was measured in a series of Dutch individuals with HDL-C less than the fifth percentile, essentially as described 
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previously. 8 Measurements are reported as the percentage efflux relative to the average of 2 healthy controls included within the same experiment. All individuals had an efflux in the normal range (Ͼ60% of controls). None had mutations in ABCA1 associated with Tangier disease or FHA.
Statistics
The baseline characteristics of the patients with each genotype for each cSNP were compared using 1-way ANOVA and the 2 test. Subsequent comparisons between carriers and noncarriers were made using a t test. Probability values unadjusted for multiple comparisons are presented to allow readers to reach their own conclusions regarding significance. The cumulative event incidence was compared using the log-rank test. The relationships between age and HDL-C or efflux were investigated using a linear regression model, and the slopes of the regression lines were compared using covariance analysis (interaction between age and genotype). Randomization to placebo and pravastatin in the REGRESS cohort was assessed by 2 analysis and was equivalent for all genotypes except R1587K, in which a lower proportion of carriers was randomized to pravastatin. Events during the trial were also analyzed for the placebo and pravastatin subgroups separately, with similar effects in each subgroup. Thus, the combined results are presented. All lipid levels are expressed in mmol/L, and all values are reported as the meanϮSD. The population-attributable risk for R219K is calculated from the sum of each genotype frequency multiplied by its risk (relative to KK). The population-attributable risk is calculated as
For replication studies, KK and RR genotypes were compared by 1-tailed t test to test for the specific differences seen in the REGRESS cohort. Although each cohort was small, statistical power was increased by combining the results in a meta-analysis (Meta 5.3).
Results
Identification and Distribution of ABCA1 cSNPs
A total of 16 cSNPs were identified in the 6.8-kb coding region (Ϸ1 cSNP every 425 bp). Because nonsynonymous cSNPs are most likely to be associated with functional effects, we focused on those 10 ( Table 2 ). The nonsynonymous cSNPs are nonrandomly distributed throughout the protein ( Figure 1 ).
The R219K Polymorphism Is Associated With a Decreased Severity of CAD
The G1051A polymorphism results in the substitution of a lysine for arginine at amino acid 219 of the ABCA1 protein (R219K; Table 2 ). There were no significant differences in blood pressure (systolic and diastolic), plasma glucose levels, or smoking behavior between the genotypes. BMI was slightly higher in heterozygotes compared with either homozygous genotype.
The K allele of the R219K polymorphism was associated with a decreased severity of CAD (Table 3) , as indicated by an increased MSD and MOD. The angiographic data were paralleled by differences in clinical events. A smaller percentage of individuals homozygous for the K allele had a myocardial infarction before the trial, although this did not reach significance (Table 3) . Carriers had 29% fewer events (death, myocardial infarction, unscheduled PTCA or CABG, stroke, or transient ischemic attack) during the study compared with noncarriers ( Figure 2 , Pϭ0.07). Furthermore, total events (prior myocardial infarction or event during the trial) were significantly reduced in KK compared with RR individuals (odds ratio for KK, 0.45; 95% CI, 0.22 to 0.91). Conversely, this translates to a 2-fold increased risk (odds ratio, 2.2; 95% CI, 1.1 to 4.4) for RR individuals relative to KK.
From the increased relative risk associated with the RK and RR genotypes compared with the KK genotype, the population-attributable risk was calculated. For the R219K variant, the population-attributable risk is 5.3%, suggesting that the frequency of CAD events would be 5.3% lower if all individuals carried the KK genotype.
If the K allele of the R219K variant is protective against CAD, we might expect its frequency to be reduced in this cohort, which was selected for CAD. Indeed, the genotype frequencies observed for this variant are not consistent with Hardy-Weinberg equilibrium (Pϭ0.004), with fewer KK individuals than would be expected (observed, 36; expected, 51, Pϭ0.04).
Association of the R219K Polymorphism With Plasma Lipid Levels
TG were significantly lower in the carriers of the K allele (Table 4) . We previously showed that decreased ABCA1 function is associated with increased TG levels. 9 There were no differences in mean HDL-C levels in the group as a whole (Table 4) .
The phenotype of individuals heterozygous for ABCA1 mutations becomes more pronounced in older individuals. 9 Therefore, we further examined HDL-C levels in age-defined subgroups. In individuals younger than the median age of the cohort (56.7 years), carriers (RKϩKK) had a trend toward increased HDL-C compared with noncarriers (0.91Ϯ0.22 Linear regression analysis of HDL-C and age showed that in RR individuals, HDL-C was positively correlated with age. In contrast, this relationship was not apparent in carriers ( Figure 3A) , such that the HDL-C difference between the genotypes was lost in the older individuals (P comparing slopesϭ0.04).
The changes in HDL-C with age are matched by trends in cholesterol efflux with age ( Figure 3B ). In RR individuals (nϭ16), cholesterol efflux increased with age, whereas in RKϩKK individuals (nϭ22), efflux decreased with age (P comparing slopesϭ0.07). In younger individuals, cholesterol efflux and HDL-C were increased in KK compared with RR individuals, which suggests that the R219K variant may be especially protective against premature CAD.
Age Subgroup Analysis Indicates CAD Progresses More Slowly in R219K Carriers
In the noncarriers, MOD and MSD decreased significantly with age, reflecting increased atherosclerosis in the older Figure I ; can be found Online at www.circulationaha.org).
Replication Cohorts Show the R219K Variant Is Associated With Decreased TG and Increased HDL-C
To confirm and replicate the relationship observed between the R219K variant and plasma lipid levels, we genotyped this variant in 3 small cohorts of European subjects. For every KK individual identified, an RR individual matched for age, sex, and BMI was selected from the same cohort.
In each of the cohorts, HDL-C was increased 10% to 15% in KK compared with RR individuals, regardless of the presence or absence of CAD in the cohort (Table 5) . Furthermore, TG were reduced in KK individuals in each of the cohorts compared with the matched RR pairs. Because trends were evident in each of the cohorts, we combined the results in a meta-analysis to increase statistical power. HDL-C was significantly increased in homozygous carriers compared with noncarriers (Pϭ0.02). Furthermore, there was a strong trend toward decreased TG in KK individuals compared with RR individuals.
Other ABCA1 cSNPs Influence Plasma Lipid Levels and Risk of CAD
Carriers of the V825I cSNP (nϭ103 VI ϩ 4 II) had no obvious differences in lipid levels or baseline MSD or MOD (Table 6 ), but they did have a significantly increased number of events during the trial (44% versus 33% in noncarriers, Pϭ0.0008; odds ratio, 2.31; 95% CI, 1.41 to 3.83).
Although there were no differences in mean lipid levels between the genotypes in carriers of the I883M cSNP (IMϩMM , Table 6 ), MM individuals (nϭ14) had an increased progression in MOD (mean change, 0.53Ϯ0.79 versus 0.11Ϯ0.25 mm in noncarriers, PϽ0.001) and a cardiac event rate double that of the II individuals (nϭ320; 21.4% versus 10.6%, Pϭ0.19). The genotype frequencies of this variant in the REGRESS population were not consistent with Hardy-Weinberg equilibrium (PϽ0.01), with too few heterozygotes observed. These findings contrast with those of a recent report that suggests that homozygous carriers of this cSNP have increased HDL-C. 14 Carriers of R1587K (RKϩKK) had decreased HDL-C compared with noncarriers in an allele dose-dependent trend (0.86Ϯ0.16, 0.91Ϯ0.23, and 0.94Ϯ0.23 mmol/L, respectively, for 58 KKs, 288 RKs, and 433 RRs; Table 6 ). On multiple regression analysis including age, BMI, smoking, and TG as covariates, the R1587K genotype remained a significant predictor of HDL-C (Pϭ0.03). However, no significant differences in CAD or events during the trial were evident in carriers compared with noncarriers.
No homozygous carriers were detected for any of the rare cSNPs (Ͻ10%). Heterozygous carriers of V399A had a trend toward higher HDL-C compared with noncarriers. Interestingly, no coronary events were observed in the VA group (versus 14% in VVs). Carriers of V399A had half the frequency of a positive family history of CAD (22.2% versus 49.4%, Pϭ0.18) and trends toward an increased baseline MOD (Table 6 ) and less progression in MSD (Ϫ0.05Ϯ0.10 versus 0.08Ϯ0.19 mm in noncarriers, Pϭ0.16) during the trial. However, because the number of carriers was small, conclusions regarding the relationship of this variant to increased HDL-C and decreased CAD cannot be drawn. Carriers of the V771M (nϭ37 VM) had decreased focal atherosclerosis (MOD) compared with noncarriers (Table 6 ) and a trend toward less diffuse atherosclerosis (increased MSD). Carriers of V771M had no difference in lipid levels compared with noncarriers. However, all but 2 carriers of V771M were also carriers of R219K.
Carriers of the other 3 rare variants (T774P, K776N, and E1172D) showed no significant differences in lipid levels or CAD compared with their respective noncarriers (Table 6) .
No carriers of S1731C were detected in the REGRESS population. This variant was initially found in 1 of our French Canadian FHA families (FHA2 8 ). The presence of this variant in individuals heterozygous for the R2144X ABCA1 mutation was associated with further significantly decreased HDL-C compared with R2144X carriers without this polymorphism (0.16Ϯ0.04 mmol/L, nϭ2, versus 0.64Ϯ0.14 mmol/L, nϭ10; Pϭ0.0009). In unaffected family members, although carriers of S1731C (nϭ6) had slightly lower HDL-C compared with noncarriers (nϭ14, 1.03Ϯ0.22 versus 1.09Ϯ0.23 mmol/L), the difference was not statistically significant. This variant has been identified in other French Canadians.
The Phenotypic Effects of R219K Are Independent of Other cSNPs
There is linkage disequilibrium between cSNPs in the ABCA1 gene. Two rare cSNPs (V771M and K776N) are most commonly found in individuals carrying the R219K K allele. If all V771M and K776N carriers are excluded, the results are unaltered, with increased MOD (1.80Ϯ0.35 versus 1.73Ϯ0.35 mm, Pϭ0.006) and MSD (2.76Ϯ0.36 versus 2.70Ϯ0.37 mm, Pϭ0.02) and lower mean TG levels (1.71Ϯ0.75 versus 1.84Ϯ0.77 mmol/L, Pϭ0.02) in carriers of R219K (nϭ329) compared with noncarriers (nϭ422).
The I883M and R1587K cSNPs are also often seen in carriers of R219K. We identified R219K carriers who do not also carry either the I883M or R1587K genotype (nϭ62) and compared them with the group of individuals who do not carry any of the 3 variants (nϭ116). MSD was still significantly increased in R219K carriers compared with noncarriers (2.81Ϯ0.37 versus 2.69Ϯ0.36 mm, Pϭ0.04); MOD was increased in carriers (1.78Ϯ0.39 versus 1.73Ϯ0.38 mm); and TG remained significantly decreased in carriers (1.67Ϯ0.76 versus 1.97Ϯ0.74 mmol/L, Pϭ0.02). Thus, the effects of the R219K variant described herein are not due to other cSNPs that are found in linkage disequilibrium with it.
The V825I cSNP was found to be in linkage disequilibrium with I883M. The relative risk of the V825I carriers adjusted for I883M genotype was 2.31 (95% CI, 0.78 to 6.85). Because the effects of the I883M variant were only evident in homozygous carriers, the number of individuals was too few to correct for V825I genotype.
The E1172D cSNP was found exclusively in carriers of the R1587K variant. Excluding carriers of E1172D (nϭ34), a trend toward decreasing HDL-C with the R1587K K allele was still evident (0.87Ϯ0.18 mmol/L in KK, 0.92Ϯ0.23 mmol/L in RK, and 0.94Ϯ0.23 mmol/L in RR, Pϭ0. 19) . It is likely this no longer remained significant because the number of KK individuals (nϭ29) was decreased by 50%. No significant differences in lipid levels or CAD were observed for E1172D carriers compared with R1587K heterozygotes without E1172D. Thus, the effects of the R1587K cSNP are Values are meanϮSD (n).
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not due to the nonfunctional E1172D variant, with which it is in linkage disequilibrium.
Discussion
Here we present a complete cSNP analysis of the ABCA1 gene, providing evidence that common genetic variations within ABCA1 are associated with altered plasma lipid levels and risk of CAD. The R219K variant, with a carrier frequency of 46% in European populations, is associated with a decreased severity of CAD, which manifests as decreased focal and diffuse atherosclerosis, with less progression and decreased coronary events. The increased risk associated with the wild-type allele may account for up to 5% of the population risk of coronary events. The phenotypic effects of the remaining cSNPs are less striking than those of R219K. Further analysis from additional large cohorts will be required to validate these findings. Both the finding of decreased TG and of increased HDL-C in younger carriers of the R219K K allele is consistent with the decreased CAD observed in carriers of the variant. 15, 16 TG levels showed similar trends in our replication groups, and increased HDL-C levels in R219K carriers were observed in our independent populations. No obvious difference in cholesterol efflux level between carriers (nϭ2) and noncarriers (nϭ4) was detected; this was probably influenced by the small numbers and the Ϸ15% interassay coefficient of variation in the efflux assay, which makes it impossible to detect small differences in efflux. The phenotypic effects of this variant are opposite to those in individuals heterozygous for ABCA1 mutations, 9 suggesting this variant is associated with a gain of normal ABCA1 function and increased RCT.
The lack of obvious differences in HDL-C in carriers of different cSNPs (R219K, V771M, and I883M), together with clear differences in CAD, suggests that stimulating the RCT pathway can increase the net flux of cholesterol toward the liver without altering steady-state plasma HDL-C levels. This increase in reverse cholesterol transport (RCT) activity may directly reduce the development of atherosclerosis without necessarily altering plasma lipid levels.
The mechanism underlying the decreased TG in carriers of the R219K variant is unknown. Cholesterol ester transfer protein activity results in the equilibration of the core components of lipoprotein particles. 17 Cholesteryl esters are transferred from HDL to TG-rich lipoproteins, while TG are transferred in reverse. Increased ABCA1 activity, resulting in increased HDL-C, might trigger increased cholesteryl ester/TG exchange. Hepatic lipase efficiently hydrolyzes the TG component of HDL. 18 Thus, increased transfer of TG to HDL may ultimately increase TG catabolism. Alternatively, alterations in ABCA1 activity have been suggested to alter intracellular lipid transport. 19, 20 Several genes involved in lipid metabolism are differentially regulated in ABCA1-deficient mice. 19 Changes in intracellular cholesterol and phospholipid metabolism triggered by increased ABCA1 activity 21 might lead to the diversion of fatty acids from TG synthesis to phospholipid synthesis, resulting in decreased TG secretion by the liver and reduced plasma TG levels.
The phenotype in individuals heterozygous for ABCA1 mutations is modified by age. In heterozygotes, the phenotype is more pronounced in older individuals. 9 This suggests that ABCA1 activity may normally increase with age but that this is blunted in R219K heterozygotes. Age-related increases in the expression and activity of P-glycoprotein, another ATP-binding cassette transporter, have been described. 22, 23 In the present study, we show that the R219K polymorphism was also associated with an altered relationship between age and HDL-C. In noncarriers, there was a general increase in cholesterol efflux and HDL-C with age, which is suggestive of increased ABCA1 function. However, in carriers of the K allele, this age-dependent increase in both HDL-C and efflux was not evident, suggesting this variant is already associated with maximal efflux levels and is not responsive to regulation by age.
This high frequency of cSNPs emphasizes the importance of verifying that putative mutations observed within the gene are not, in fact, cSNPs. Of note, the V399A and I883M variants were shown to cosegregate on a mutation-bearing chromosome in one of the initial Tangier families described. 6 The authors suggested that 1 of these 2 variants was likely the functional mutation. Yet, here we show that the V399A variant was associated with a trend toward increased HDL-C. Furthermore, we show that I883M is a common variant that is possibly associated with an increased risk of CAD in the homozygous state, although no differences in HDL-C were evident. Neither variant was associated with the marked decrease in HDL-C seen in individuals heterozygous for ABCA1 mutations. Thus, without proper analysis of missense changes in a large, ethnically matched cohort, cSNPs can be inappropriately confused with disease-causing mutations.
The distribution of cSNPs was not random ( Figure 1 ); they were found away from known functional domains, such as the ATP-binding cassettes and regions where mutations cluster. 9 The one exception to this pattern was the I883M variant, which was located just N-terminal of the first ATP-binding cassette region, where several mutations have been shown to occur (amino acids 909 to 937 24 ). Because this variant was associated with little functional effect, it might demarcate the border of the region in which structural alterations significantly impair ATP-binding cassette function. Similarly, the region containing the V771M, T774P, and K776N variants is unlikely to be critical to ABCA1 function, because a high degree of polymorphism is tolerated without functional effects.
We showed that common ABCA1 cSNPs are associated with altered plasma lipid levels and severity of atherosclerosis. Specifically, the frequent R219K variant is associated with a decreased severity of atherosclerosis, a decreased risk of coronary events, decreased TG, and increased HDL-C, which is consistent with a gain of function in ABCA1. These effects were independent of any other cSNPs found in association with R219K and were seen both in different measures of CAD and in multiple cohorts. These findings emphasize the importance of common genetic variation in ABCA1 in the general population in determining plasma lipid levels and severity of CAD.
